Using a powerful combination of experiments and simulations we demonstrate how the microstructure and its time evolution is linked with the mechanical properties in a frustrated, out-of-equilibrium, particle gel under shear. An intermediate volume fraction colloid-polymer gel is used as a model system, allowing quantification of the interplay between interparticle attractions and shear forces. Rheometry, confocal microscopy and Brownian Dynamics reveal that high shear rates, fully breaking the structure, lead after shear cessation to more homogeneous and stronger gels, whereas preshear at low rates creates largely heterogeneous weaker gels with reduced elasticity. We find that in comparison, thermal quenching cannot produce the structural inhomogeneities created under shear. We argue that external shear has strong implications on the routes towards metastable equilibrium, and therefore the gelation scenarios. Moreover, these results have strong implications for material design and industrial applications, as mixing, processing and transport protocols couple to the properties of the final material.
Introduction
Improving material properties through intelligent design of their microstructure and molecular interactions is a central goal of material science that requires in-depth understanding of the fundamental physics involved. An additional control is provided by processing, i.e. the route followed in manufacturing or synthesizing a specific material, especially when outof-equilibrium metastable states are involved. In mesoscopic soft matter systems, where building blocks self-assemble en route to thermodynamic equilibrium while affected by kinetic arrest 1 , external fields are quite common 2 and increasingly utilized in experimental investigations [3] [4] [5] . Morover, as structural changes occurring during processing significantly influence the end product, external fields such as shear maybe utilized in smart applications of complex multicomponent materials ranging from flow of biological fluids 6 , tissue engineering 7 , food formulations 8 and personal care products 9 to drilling muds 10 , ceramics 11 and high performance concrete 12 .
Due to their large size and easily tunable interactions colloids are ideal for studying several open condensed matter physics problems such as the glass transition and the interplay between thermodynamic phases and metastable, non-ergodic states 13 which are ubiquitous in materials, industrial processes and biological systems. An additional parameter related the with glass transition and the jamming scenario is shear stress, which combined with temperature (or interparticle interactions) and volume fraction provides a generic unified jamming phase diagram 14 . Again colloids arise as a prominent model system where a wealth of structural and dynamical phenomena 15 such as shear induced melting (yielding) 16, 17 , slip 18, 19 , shear banding 20, 21 , ordering 22, 23 , shear induced jamming 24 and frozen-in stresses 25 can be studied.
At low concentrations of attractive or charge stabilized particles, shear and flow may cause cluster break-up [26] [27] [28] , shear incuded aggregation leading to increased viscosity and elasticity [29] [30] [31] and delayed yielding 32 or collapse of the gel network 33, 34 . On the other hand at high particle volume fractions and/or attraction strengths colloids at rest acquire a variety of solid-like, non-ergodic states due to the formation of a microscopic network structure 28, [35] [36] [37] . If however high enough stresses (or strains) are applied, the network will break, often in multiple steps due to the existence of spatial heterogeneities 17, [38] [39] [40] [41] and flow in a strongly non-Newtonean manner, also exhibiting significant thixotropy and ageing 42, 43 . Preshear may affect mechanical properties such as the yield stress and viscoelastic moduli 43, 44 , while depending on the shear rate, strong bond breaking or enhanced cluster formation is found in bulk 6,45-47 , 2D 48 , or microchannels 49 . The elucidation of such rich flow response can be brought about only through the study of model systems with tunable interactions and by deploying a combination of experimental techniques and sim-ulations. This may provide detailed information to guide the formulation of a comprehensive theoretical framework with predictive power. One of the most commonly-used model systems for attractive particles is colloid-polymer mixtures where non-adsorbing polymer chains induce an attractive force between colloidal particles, with a strength and range that depend on the concentration and size of the polymer chains respectively 50, 51 .
In this paper we use a combination of rheology, rheoconfocal microscopy and computer simulations to demonstrate how the control of the externally imposed shear rate during rejuvenation (or processing), can tune the final structure and therefore mechanical properties of a model colloidal gel. Strong structural changes during flow as well as during gel reformation after flow cessation are corroborated by the interplay between shear and attractive forces. By computer simulation we find that structures created by shear may not be reproduced by instantaneous thermal quenching. Our findings have strong implications for material design and industrial processes, as they suggest how the implementation of well-defined modifications in mixing, processing and transport protocols of multicomponent systems can couple to, or alter the properties of final products.
Methods
For Rheo-confocal measurements, we used concentrated suspensions of sterically-stabilized poly(methyl methacrylate) (PMMA) nearly hard-sphere particles with radius R = 830 nm (determined by confocal imaging) suspended in a density and refractive index matching mixture of decalin and cyclobromoheptane. Depletion attractions were induced through the addition of non-adsorbing linear polystyrene (PS) chains with molecular weight M w = 7450000 g/mol and a radius of gyration, R g = 113 nm. We used samples with particle volume fraction φ = 0.44, as determined by Voronoi volumes and particle tracking 52 , and PS concentration, c p = 0.0022 g/ml resulting in an interparticle attraction at contact of U(2R) −16k B T and a range of attraction ξ 0.05 according to 53 . Rheological experiments were used to measure flow curves (steady state stress versus shear rate) and linear viscoelastic moduli while confocal microscopy under shear provided simultaneous structural analysis. An Anton-Paar MCR501 rheometer with cone-plate geometry (50 mm and 0.01 rad angle) coupled with a fast scanning VT-eye confocal unit (Visitech) mounted on a inverted microscope (Nikon) was used. The bottom glass coverslip was roughened by sintering a mixture of sand granules (> 100 µm ) and PMMA particles. Imaging was possible in the areas between the granules (≈ 1 mm) and measurements where taken in imaging volumes with linear flow profiles. 3D images were taken after shear cessation, and the evolution of void structures was examined. The shear rates in rheo-confocal experiments correspond to local values determined from flow profiles prior to shear cessation and have an estimated 10% standard deviation. Rheo-confocal measurements were complemented by conventional rheometry using roughened cone-plate geometries that prevent slip. The long-time rheological response was studied using PMMA particles with R = 400 nm (determined by light scattering) and PS chains with M w = 283300 g/mol and R g = 17 nm, dispersed in decalin. The polymer concentration, c p = 0.0065 g/ml at a particle volume fraction φ = 0.44, gives and attractive potential of U dep (2R) −23.2k B T and a range of attraction ξ 0.03 53 .
For the cessation experiments, the samples were presheared starting from high shear rate (typically 100s −1 ), down to the shear rate in question, allowing for a steady state to be reached. As far as we have seen, both in experiments and simulations, the route followed to reach the final preshear rate after the high shear rate rejuvenation (i.e. directly or through a flow curve) did not affect the steady shear state reached during preshear.
In the case of the rheo-imaging, although the size of the cone truncation gap was of the order of the roughness, most of the rheological torque arises from the outer part of geometry, where the actual gap is much larger. The corresponding confocal images were also taken towards the the edge of the cone. Moreover, conventional rheology measurements verified the findings. We also performed Brownian Dynamics (BD) simulations that provide both mechanical information as well as detailed microstructure of the system under shear. Hard-sphere interactions were implemented through a potential-free algorithm 54 while attractions were included using an Asakura-Osawa (AO) potential 50 with similar parameters as our experiments. The range of attraction used was ξ = 0.1 with the attraction strengths, U(2R) = −6, −10, −20 and −50k B T . This allows direct comparison between BD and experiments in terms of interactions, structure and stress response and examination of the validity of the Pe dep scaling at various attraction strengths. In BD affine shear was applied on typically 5405 particles using periodic boundary conditions, while no crystallization was detected.
As BD simulations do not incorporate hydrodynamic interactions, there is a discrepancy with the short-time particle diffusion in a real experimental system. The latter is expected to be at least one order of magnitude smaller 55 in comparison with the free diffusion inside the highly concentrated clusters, in analogy with diffusion in a dense glass. Thus we scale the non-dimensional experimental Brownian time scale t B , Pe (reflecting its scaled version, Pe sc ) and Pe dep by an order of magnitude correction factor of 10 throughout the figures. Moreover, although the simulation parameters are chosen to be as close as possible to the experiments, we expect that experimental uncertainties in particle interactions (i.e. potential shape and depth) and volume fraction to produce differences when performing comparisons. Configurations were visualized with the open source Visual Molecular Dynamics (VMD) program 56 .
3 Results and discussion
Steady state under shear
We study gels in which particles aggregate due to a "depletion" attraction induced by non-adsorbing polymer 50, 51 . Experiments and BD simulations probe the microscopic structure of such depletion gels during steady shear as a function of shear rate as well as the linear viscoelastic properties during restructuring after cessation of shear. Experimentally, our depletion gels consist of PMMA hard-spheres and PS linear chains in suspension at φ = 0.44 with an attraction strength well above the gelation threshold 37 while BD simulations 54 were conducted at similar Asakura-Oosawa (AO) interparticle potential 50 parameters. The steady state stress response of the gel at different shear rates, , with R the radius of the particle and η the solvent viscosity) used in BD (in the absence of HI), while in experiments, the φ dependent shorttime diffusion coefficient, D(φ ), is used (the non-dimensional Peclet number is then denoted as Pe sc ).
Shearing at high Pe leads to a simple viscous stress response, where the stress increases linearly with shear rate, indicating that a strongly shear-melted colloidal gel flows as a Newtonian fluid. The corresponding snapshots of the structure under shear show that the gel network and clusters are broken down completely and the particles are distributed randomly as expected in the equivalent volume fraction fluid of hard spheres.
At lower Pe, the flow curve tends to a yield stress plateau typical of a soft matter solid 39, 45 . Slightly above the yield stress the sample exhibits plastic flow with the stress increasing weakly with shear rate. Here both simulations and experiments reveal a shear thinning response with a sublinear power law increase of the stress with a power of about 0.32 for 5 Pe 500. Microscopic imaging of the system in this regime reveals a highly inhomogeneous microstructure with large empty voids. Their size decreases with shear rate, suggesting that the shear thinning sublinear decrease of the apparent viscosity (equivalent to the stress increase) is due to a reduction of the cluster size with shear rate, in qualitative agreement with the behavior of lower volume fraction fractal clusters and gels 26, 27 . When strong interparticle depletion forces are present, leading to clustering and gel formation, the . γ-dependent structural changes can be attributed to the balance between shear and depletion attraction. An estimate of this is given by a modified Peclet number, Pe dep , which reflects the ratio of shear to depletion forces 38
with U dep (2R) the potential at contact and ξ the range of attraction. For Pe dep > 1, bonds between particles are expected to get ruptured by shear forces and attractions do not affect
the structure, leading to liquid-like behavior. Conversely for Pe dep < 1, the system is strongly affected by interparticle attractions, with shear enabling particles to explore configurational space and create compact clusters. Note that the ratio Pe/Pe dep (= U dep (2R)/2k B T ξ ) depends only on the characteristics of the attraction potential and is independent of the shear rate.
Shear cessation
After cessation of shear (end of rejuvenation) the melted gel reforms, beginning from the steady-state structure created under shear. The linear viscoelastic properties evolve as shown in fig. 2a , where G and G are plotted for low and high shear rates, along with corresponding confocal microscopy images (fig 2b) at 10t B after shear cessation. An initial fast increase of both G and G is followed by a slower evolution, indicative of further restructuring and gel coarsening. After a low shear rate preshear, the system almost instantaneously (for t 0.1t B ) acquires a solid like response with G > G , and then evolves weakly with time until an almost steady state is reached after about 10t B . A preshear at high shear rates however, is followed by a stronger increase of G , starting from a liquid state but eventually creating a sample with stronger solid-like response, as evidenced by G rising above the value following a weak shear rate rejuvenation. Confocal images provide valuable information on the microstructural evolution of the gel. After a low shear rate preshear, the gel remains highly heterogeneous, essentially retaining the steady state structure acquired during shear ( fig. 1 ). Higher shear rates show a continuous subtle evolution of the structure from a liquid-like to an interconnected network (see also supplementary confocal time-lapse movie). As inferred from the results shown in fig. 1 , the Pe regimes where different behaviors arise are correlated to the power-law slopes of the flow curve ( fig. 1) . At high shear rates, where the stress increases linearly with shear rate, extended restructuring is expected after shear cessation as interparticle attractions become important again and the gel gets reformed. However, around the yield stress plateau, plastic flow takes place, particles are given ample time to reconfigure and compactify within clusters, while the system does not exhibit significant structural rearrangement after shear is stopped. Therefore by increasing Pe of preshear we observe a transition from a highly inhomogeneous gel created at low shear rates to a rather homogeneous network produced under high shear rates.
In fig. 2c we present additional rheological data on a similar colloid-polymer gel using smaller particles. In agreement with the rheological trends inferred from the rheo-confocal experiments, the elastic modulus exhibits a modest increase after weak preshear (Pe dep < 1) in contrast with preshear at Pe dep > 1, where stronger gel structures, with higher G , are created at long times. For longer waiting times and for both cases, the viscoelastic moduli were frequency independent (1-10 rad/s), while the transient, full frequency dependence was less accessible due to time constraints.
These additional measurements allow us also to monitor the rheological evolution at longer times. It should be noted that although samples for confocal imaging are close to density matched, using micron size particles introduces gravitational effects that precludes measurements longer than those presented here. At significantly longer times, G and G may start decreasing, especially in the cases where dense clusters are formed, due to sedimentation.
We monitor structural heterogeneity using a real-space variable, as the structure factor for such intermediate volume fraction gels is less sensitive in revealing structural changes. Here we use the void volume, VV , which quantifies the volume of empty space (voids) in the gel 57 . VV of a point in space is defined as the volume of a sphere in contact with a particle surface, with the center of the sphere defining the position of the void in space. The probability density of the void volume, VV PDF, provides a quantitative measure of real-space heterogeneity (see supplementary figure) . This analysis method was chosen over using a measure of the cluster size due to the ambiguity of defining the latter in a percolated gel.
In fig. 3 we plot the VV PDF deduced from experiments and simulations after shear cessation and the time evolution of its average values, VV . VV PDF values smaller than the particle size (VV < R 3 ) represent gaps within close-packed areas, while higher values reflect large spatial heterogeneities (figs 3a and 3b). Confocal experiments and BD simulations show similar results: low shear rates produce highly heterogeneous systems, with large VV PDF values, in contrast to high shear rates, as is visually evident in fig. 2b . By examining VV we may gauge the changes in heterogeneity with time, as shown in figs 3c and 3d, where lower shear rates are found to give rise to slower structural evolution than higher shear rates. Therefore, large structural heterogeneities are found to follow similar trends as the linear rheological properties of fig. 2a and 2c. In the shear-thinning regime, at intermediate shear rates, 5 Pe 500, the void volume, or equivalently the average effective cluster volume, follows a power law decrease, VV ∝ Pe −0.63±0.06 , in agreement with the sublinear stress increase (power law slope ∼ 0.32) measured rheologically in the same regime (see fig. 1 ).
Comparison to thermal quench
We now discuss the transition from the low to the high preshear regime, and further compare with the structure of a quiescent gel thermally quenched from an equilibrium liquid state. While the experimental system is not strictly tunable by temperature, simulations allow for thermal quenching by scaling
the interparticle potential. In fig. 4 we plot the Pe dependence of VV for the gel during and after cessation of shear, and contrast it with VV of the quiescent gel, determined at long times, as a function of attraction strength. Pe dep defines the transition from the low to high shear rate regime. For Pe dep > 1, homogeneous gels are formed after cessation of shear, very similar to those from a thermal quench, while the structure under shear approaches that of a simple liquid. On the other hand, for a preshear at Pe dep < 1, larger voids are detected, and VV is found to be one or two orders of magnitudes higher than the liquid state value, defined by the average interparticle distance. The discrepancy in absolute values between experimental and simulation data seen in fig. 4 is mainly attributed to small differences in volume fractions, interactions and time scales (and thus Pe). However it should be noted that the absence of HI in BD may also influence the gel formation processes and structural details as seen previously in similar non-equilibrium states 58 .
A comparison with instantaneously-quenched quiescent gels may provide insights into the mechanisms of restructuring under shear. Quiescent samples exhibit an increase of structural heterogeneity approaching the gelation point and a further decrease to a constant value at large attraction strengths well inside the gel regime 37 . At the same φ , the maximum heterogeneity in the quiescent gel is quite smaller than that produced by low rate preshear, although after 10t B the system has not yet fully reached steady state.
We further examine the average number of bonds between particles, defined as the number of particle neighbors within the depletion attraction range 59 . Even though the information provided is limited to short distances, it identifies particle clustering and provides a complementary view of structural heterogeneity. Due to precision constraints we apply this type of analysis only to BD simulations data. In figure 6a the average number of bonds is plotted versus Pe dep during and after cessation of shear. After a low shear rate preshear, the number of bonds remains largely constant with time, similar to the behavior of VV . As high shear rate rejuvenation causes a complete disintegration of clusters, the number of bonds upon shear cessation increases with time as the gel reforms, although the absolute number of bonds remain smaller than after a low shear rate rejuvenation. In comparison, for the gel at rest, the number of bonds increases, reaching a maximum around gelation and subsequently drops to a constant at large attractions, similar to the behavior of VV . Plotting the number of bonds as a function of the distance from the gelation point at U dep (2R) = −4.6k B T , we find a sigmoidal shape similar to the case under shear as a function of pre-shear rate (inset of fig. 6a ).
Although the number of bonds follow a similar trend with the void volume, both quantifying spatial heterogeneity, the main difference of the former is that its maximum value after low shear-rate rejuvenation is similar to that of the quiescent sample at the gel point. This is due to the fact that the two quantities reflect the structure at different length scales; VV reflects an average over all length scales whereas the average bond number pertains to distances within the range of attraction. Therefore, for a given volume fraction and average bond number, a narrow distribution of bonds per particle is produced from a more homogeneous interconnected network with a smaller VV , corresponding to the peak in thermal quenching at rest. In contrast, a rather broad distribution of bond numbers reflects inhomogeneous percolated clusters with larger VV , as detected after low preshear rates. Therefore, comparing quenching near the gelation and preshearing at low rates, we find that although the average bonds are similar, the latter creates structures with larger voids and striking inhomogeneities.
Finally BD simulations with different depletion potentials provide further verification of the validity of Pe dep scaling. As shown in fig. 6b , the number of bonds during shear for various attraction strengths fall onto a single master curve versus Pe dep , even though in the quenched gel at rest the average bond number depends on the depth of potential.
Discussion
Our findings suggests that by tuning the way a colloidal gel is sheared or mixed, one may vary its final structure and mechanical strength without the need of changing the interparticle potential, and furthermore allowing access to structures that may not be accessible by thermal quenching, although during such manipulation one has to preclude the interference from other forces such as gravity. The ability of shear to change particle configurations at large length-scales implies that it may also affect the gelation scenarios 1, 60 , currently under intense investigation 59, [61] [62] [63] , as found for gels under the influence of gravity, which showed enhanced phase separation 64 .
Applying strong shear (high Pe dep ) has an effect equivalent to an instantaneous thermal quench, promoting arrested phase separation, since upon shear cessation the system is a homogeneous fluid with strong attractive interactions present. On the other hand, weak shear (low Pe dep ), leads to lower free energy configurations corresponding to more compact clusters, akin of a low rate thermal quench that would produce similar densification through Brownian motion. Although Brownian motion alone cannot create such compact structures on a reasonable time-scale (10t B ), the microstructure created under weak shear may bring the system closer to thermodynamic equilibrium. Even if interacting systems with simple short range attractions are unlikely to produce quiescent equilibrium gels 1,59,61 , we may expect that the application of shear can facilitate approach to such scenarios in other systems. A major difference in the final state accessed via thermal quenching
and shear should arise from the anisotropy associated with the latter, and the accompanied residual stresses. It is clear from previous work on creep and recovery 17 that after the application of shear, residual stresses remain, especially after low shear rates, as seen in hard sphere glasses 25 . This calls for a more extensive simulation study to compare thermal quenching with low shear rate shear-induced rejuvenation to unravel the underlying commonalities and differences. As a final note, in a reverse approach, one could infer the strength of interparticle interactions for a more complex attractive system by determining Pe dep = 1, from either structural information under shear or by identifying the low to high shear rate viscosity transition through rheology.
Conclusions
The structural and rheological properties of intermediate volume fraction colloidal gels have been examined during steadystate shear flow and shear cessation using rheometry, confocal microscopy and Brownian Dynamics simulations. Through structural analysis of the steady state, we find that variation of the applied shear rate produces strong changes in the structure of the gels both during flow and gel reformation after flow cessation. Analysis of structural changes is carried out by determining the void distribution, a quantitative measure of spatial heterogeneity and the average number of interparticle bonds. At shear rates higher than Pe dep , a non-dimensional shear rate representing the balance of shear and attractive interactions, particle networks and clusters break fully, whereas smaller rates produce large inhomogeneous structures due to compactification of clusters under shear. Such distinct microstructural starting states are the decisive factor for the evolution of the gel after shear cessation leading, at long times, to materials with different microstructures and mechanical properties. Gels reformed after strong shearing evolve into stronger solids with relatively homogeneous structure, whereas application of weak shear rates leads to gels with weaker elasticity and a highly heterogeneous microstructure. We conclude that by tuning the way a colloidal gel is sheared or mixed, one may vary its final structure and mechanical strength, allowing access to structures with properties that may not be accessible by thermal quenching. By examining a well-defined model system, this work provides understanding on gelation scenarios subject to mechanical perturbations and has strong implications for general industrial applications where variations in mixing, processing and transportation protocols alter the final materials' properties, as well as for users that rejuvenate products by shaking. Such controlled microstructural manipulation may be used in manufacturing a diverse range of materials from controlled porosity and strength tissue scaffolds to high strength concrete formulations with desirable flow properties.
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